Abstract-A new minimum-time minimum-loss speed control algorithm for induction motors is suggested to obtain high performance, as well as high efficiency, under field-oriented control with practical constraints on voltage and current. This algorithm utilizes a two-stage control. In the transient stage, a maximumtorque control algorithm is utilized to get the minimum-time response. In the steady state, a minimum-loss control algorithm is applied to improve the efficiency. Simulation studies show the performance of the proposed minimum-time minimum-loss control algorithm under field-oriented control.
I. INTRODUCTION

I
NDUCTION motors are widely used in various industries as prime workhorses to produce rotational motions and forces. Generally, variable-speed drives for induction motors require both wide operating range of speed and fast torque response, regardless of load variations. The field-oriented control is the most successful in meeting the above requirements. Due to advances in power electronics and microprocessors, variable-speed drives for induction motors using the fieldoriented control have been widely used in many applications, such as ac servo, electric vehicle drive systems [2] , and so on.
Using the field-oriented control, a highly coupled, nonlinear, multivariable induction motor can be simply controlled through linear independent decoupled control of torque and flux, similar to separately excited dc motors. Highperformance torque control requires fast enough current response for the current regulator to track the reference current. However, due to limitations of voltage and current ratings on the inverter dc link, input voltage and current of an induction motor are limited accordingly. Hence, developed torque in the motor should be limited for safe operation under these input constraints.
The objective of a variable-speed control system for higher productivity is to track the reference speed as fast as possible. Therefore, under the constraints of input voltage and current, a control scheme which yields the maximum torque over the entire speed range can be usefully applicable to minimum-time speed control of induction motors. However, most researchers who deal with the speed control of induction motors have not considered the maximum-torque generation scheme.
Some approaches which yield the maximum torque have been published. Xu and Novotny [3] insisted that a method which set the stator flux reference inversely proportional to the rotor speed should produce more output torque than a conventional method, which set the rotor flux reference inversely proportional to the rotor speed. However, in their method, there exist some speed ranges where the maximum torque cannot be obtained.
Kim and Sul [2] suggested a voltage control strategy for the maximum-torque operation of induction motors in the field-weakening region, considering the voltage and current constraints. However, this approach neglects the stator resistor for a simple analysis. In order to produce the maximum torque, flux current components are compensated, as much as current components omitted by neglecting the stator resistor. Hence, the resultant maximum-torque generation algorithm is not the theoretically exact solution to maximize torque, because the solution is obtained by using an approximated formulation.
Wallace and Novotny [4] suggested an instantaneous maximum-torque generation method for induction motors. In this approach, the entire current input is used for generating the rotor flux before the torque is developed. Then, at the moment that the rotor flux reaches the steadystate value, the entire input current is switched to produce torque current component. This research can guarantee the instantaneous maximum torque, but should require a constant time interval for producing the rotor flux at the initial time. Hence, the minimum-time speed control is not guaranteed.
In this paper, a new minimum-time minimum-loss control algorithm for induction motors is suggested to obtain high performance, as well as high efficiency, under practical constraints on voltage and current. The validity of the suggested scheme, which carries out minimum-time speed control in the transient state and minimum-loss control in the steady state, will be revealed via simulation, including an induction motor model.
The remainder of this paper can be outlined as follows. In Section II, the induction motor model is first presented. Section III describes the maximum-torque generation algorithm and the minimum-time speed control algorithm. In Section IV, a determination scheme of the rotor flux level is described, in order to minimize the copper loss. Section V describes the suggested minimum-time minimum-loss speed control scheme. Simulation results are given to demonstrate the advantages of the proposed scheme in Section VI. Finally, conclusions and further studies are explained in the last section.
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II. INDUCTION MOTOR MODEL
The state equations of squirrel-cage induction motors can be expressed in the synchronously rotating -reference frame as follows [5] : (1) where and -and -axes stator voltages; -and -axes stator currents; stator and rotor resistance; -and -axes rotor fluxes; rotor speed; synchronous speed. The generating torque of the induction motor is (2) where pole number; mutual inductance; rotor inductance. From the above continuous-time model of induction motors, a discrete-time model can be derived with the following assumptions.
1) The sampling time is sufficiently small enough to achieve a good approximation of a continuous-time model. 2) Since the mechanical time constant is much larger than the electrical one, rotor speed of an induction motor is assumed to be constant during the sampling period.
3) Stator currents, rotor flux, and input voltage are also considered constant during the sampling period. Using the above assumptions, a discrete-time model of induction motors can be expressed as (3) where sampling time.
The discrete-time model is used in the simulation for proving the performance of minimum-time minimum-loss control of induction motors.
III. MINIMUM-TIME CONTROL ALGORITHM
Developed torque of an induction machine is limited by allowable voltage and current ratings of the machine, as well as the inverter. In general, voltage ratings of the machine and the inverter are matched. However, the current ratings of the inverter are usually larger than that of the machine, to provide higher acceleration torque during transients [3] . In this paper, we assume the maximum stator voltage which the inverter can apply to the machine is equal to the machine's voltage ratings. Also, the maximum stator current which is limited by the inverter current ratings is assumed to be 1.5 times the machine's current ratings, in order to achieve fast response during the transient time:
machine's voltage ratings machine's current ratings.
In the field-oriented control, the steady-state developed torque of an induction motor can be expressed as the product of and as follows:
To maximize the developed output torque , we consider the following problem.
A. Maximum-Torque Generation Problem
Maximize under constraints
where
The steady-state voltage equations of an induction motor in the synchronously rotating reference frame are given as [2] (8) (9) where the is the leakage inductance. The substitution of (8) and (9) into (6) will result in another current limit condition as (10)
If
, then (10) is a circle with radius . As increases, the circle is turned into an ellipse, and its area becomes smaller. Fig. 1 shows changes in current and voltage limit conditions as increases. Let be an angle between the axis and the major axis of an ellipse. The following and are the limiting values of the angle as goes to zero or infinity:
(11) (12) Fig. 1 shows the voltage limit condition is inclined from axis by an angle , which becomes smaller as increases. We solved the suggested maximum-torque generation problem over the entire speed range. The solutions can be used for induction machines to maximize the generated torque in real time. We can find out that (10) represents the interior of an ellipse in -coordinate as (13) where Rotating -coordinate by an angle to eliminate the term in (13), the relation between rotated new coordinate and old -coordinate is represented as follows:
The equation of an ellipse in new -coordinate is rewritten by combining (13) and (14) as (15) where (16) (17) Since , the major axis of an ellipse is and the minor axis is . Fig. 1 shows that both voltage limit ellipse and an angle become smaller as increases. Hence, the reference currents to maximize (4) are before the voltage limit ellipse passes through a point ( , ) on the current limit circle.
When ,
As increases, the voltage limit ellipse begins to shrink into the interior of the current limit circle. Geometrically, before the voltage limit ellipse passes through a point , (4) will be a maximum at a point of intersection at which the voltage limit ellipse and the current limit circle cross each other. The point of intersection can be obtained by the following steps.
1) Obtain an intersecting point of and . 2) Use (14) to get the reference currents. Therefore, reference currents and are as follows.
As increases further, (4) will be a maximum at a point of contact at which the voltage limit ellipse and hyperbola of (5) contact each other.
Therefore, the mathematical solutions of (18) and (20)- (22) can maximize the output torque of (4) over the entire speed range of induction motors. Because the steady-state voltage (8) and (9) are not approximated in the derivation of mathematical solutions, computed torque of (4) is the theoretical maximum under given voltage and current constraints over the entire speed range. The maximum-torque generation algorithm can be summarized as follows.
B. Maximum-Torque Generation Algorithm
Step 1: Compute , and .
Step 2: Compute the reference currents and according to the derived solutions of (18) and (20)-(22), in order to generate the maximum torque.
Step 3: Use (4) to get the maximum torque. The suggested maximum-torque generation algorithm can be applied to minimum-time speed control of induction motors. The steps of minimum-time speed control algorithm are as follows.
C. Minimum-Time Speed Control Algorithm
Step 1: Compute the reference torque from torque and speed relation of an induction motor:
where motor inertia; biscous coefficient; pole number; sampling period.
Step 2: Compute the attainable maximum torque using the maximum-torque generation algorithm.
Step 3: When , maximum-torque operation should be required. In this case, reference currents and can be obtained from (18) and (20)- (22). When , maximum-torque operation is not required. In order to obtain good dynamic response, should be determined from (18) 
IV. MINIMUM-LOSS CONTROL
Good dynamic torque response can be obtained in the indirect field-oriented control motor drive system which generally keeps the rotor flux level constant. However, its efficiency is very low, especially when the load torque is low. In order to improve the steady-state efficiency of an induction motor, changing the rotor flux level is needed in accordance with the load, which may result in degradation of the torque dynamic response [7] .
In this paper, a simple method is presented to determine the appropriate flux level considering copper loss in the steady state to maximize the efficiency of induction motors. The copper loss of an induction motor can be expressed in the synchronously rotating reference frame as (25) In the field-oriented control, the stator and rotor currents can be given in terms of and in the steady state as (26) 
Substituting (26)- (29) into (25), the copper loss can be described by a function of and as
The minimum loss can be obtained when the differentiation of with respect to is equal to zero. Then, differentiation of results:
The solution of (31) is given as
Therefore, (32) is the reference flux to minimize the copper loss of (25) when the desired torque is given.
V. MINIMUM-TIME MINIMUM-LOSS CONTROL
A variable-speed control system for induction motors should have good dynamic performance, as well as high efficiency. We suggest a new minimum-time minimum-loss control algorithm for induction motors to obtain high performance, as well as high efficiency, under practical constraints on voltage and current. In our new control scheme, a minimum-time control algorithm is utilized to get good dynamic response during the transient state and a minimum-loss control scheme is applied to get high efficiency during the steady state. After the rotor speed reaches the reference speed, the rotor flux level should not be maintained at a high level, in order to improve the efficiency of an induction motor. Note that our primary objective is to get the minimum-time response, and our secondary objective is to get the minimum loss. Hence, our control algorithm guarantees the minimum loss in the steady state only and may be revealed to be less efficient than a pure minimum-loss control method.
In the next section, we show that a combination of minimum-time speed control and minimum-loss control is very useful for obtaining good dynamic performance and maximizing the efficiency of an induction motor drive system through simulation.
VI. SIMULATION RESULTS
To demonstrate the merits of the proposed speed controller, simulations are performed. Any induction motor can be used to show the performance of the proposed speed controller. The parameters of the tested induction motor in [7] are selected as a sample in our simulation. Fig. 2 represents the configuration of our control system for an induction machine. To begin with, the validity of the maximum-torque generation algorithm is simulated. Fig. 3 shows the simulation result of comparing torque value obtained by using the Matlab optimization toolbox with torque value obtained by using mathematical solutions of (18) and (20)-(22). As the difference of both values is revealed to be order of 10 , both developed torques are considered to be the same. Our simulation results are compared with Wallace's method [4] , because Wallace's method deals with the maximum-torque generation problem. Fig. 4 shows the torque, rotor speed, rotor flux, and energy loss of Wallace's method. As total current is used for producing the rotor flux during the initial time, instantaneous maximum torque is developed after 0.25 s is elapsed in Fig. 4(a) . Fig. 5 represents the simulation results of our minimum-time response without minimum-loss control. It takes about 1.25 s to reach the reference speed in Fig. 4(b) , but about 1.2 s is elapsed in order to reach the reference speed in Fig. 5(b) . Considering the speed increase interval only, Wallace's method takes 0.2 s less than our minimumtime speed control. However, it is required that the rotor flux be made during the initial time of 0.25 s, in order to generate the instantaneous maximum torque. Considering this time, Wallace's method does not guarantee that the speed controller tracks the reference speed in minimum time. However, since the proposed speed controller can generate maximum torque every sampling time considering voltage and current limitations, it will take the minimum time to reach the reference speed. Fig. 6 represents the performance of our minimum-time minimum-loss control. In Figs. 4(c) and (d) and 5(c) and (d), since the rotor flux is maintained at a high level in the steady state, it can be seen that total energy loss keeps on increasing. Fig. 6(c) and (d) show the rotor flux and the total energy loss of the suggested method. These represent that the suggested minimum-time minimum-loss control has more efficiency than only the minimum-time control and Wallace's method. We see that the total energy loss is more slowly increasing in Fig. 6(d) . 
VII. CONCLUDING REMARKS
A new minimum-time minimum-loss speed control algorithm has been suggested and simulated which fully utilizes the maximum-torque capability of an induction machine over the entire speed range. In the transient state, the minimum-time speed control is used to obtain good dynamic performance. In the steady state, the minimum-loss control scheme is used for improving the efficiency of an induction machine. Since the proposed control scheme generates the maximum torque considering input constraints in the transient state and changes rotor flux level in order to minimize power loss in the steady state, high-performance and high-efficiency control of an induction machine can be possible over the entire speed range. The validity of the proposed control scheme was confirmed through simulation. The proposed speed control scheme can be usefully applicable to variable-speed drive systems which have limited input energy, such as electric vehicle systems, in order to improve its performance.
The validity of the proposed scheme needs to be verified via experiment. We are currently implementing the proposed control system using a digital signal processor. The proposed control scheme requires that the field-oriented controller be operated perfectly. Therefore, additional research, such as rotor flux identification and rotor parameter tuning, should be performed for the achievement of the perfect field-oriented control.
